I. INTRODUCTION
The diffusion of sensorless control in AC motor drives is expanding for the well known advantages in terms of cost and reliability. Dealing with Induction Motor (IM) drives, many Sensorless Field Oriented Control (SFOC) have been proposed in the literature for many different motor size and applications [1] . The performance of such SFOC schemes relies on the accuracy of the flux estimation: if the flux is not estimated correctly, the field orientation is imprecise and the IM drive does not work properly. The solutions proposed in the literature to estimate the flux by means of electrical quantities only (voltage and current vectors v s , i s ) are based on the stator model of the motor, that is the time integral of the back-EMF voltages. A feedback signal is needed to avoid the flux signal to drift due to unavoidable offset at the integrator input: the feedback signal will be hereafter indicated as the error voltage signal v of the flux estimator. In Fig.1 the general form of a back-emf based flux observer for SFOC control is reported, and the v signal is put in evidence. Such a general form includes many flux estimation schemes: from simple low pass-filters [2] to more performing closed loop observers like model-adaptive and/or sliding-mode observers [3] - [6] . As outlined in Fig.1 , the estimated voltage vectorṽ s derived from the PWM reference voltage v * s is used for flux estimation instead of the measured voltage, mainly for cost reasons. This hardware simplification introduces a voltage estimation error that is a non-linear function of the motor current. The effects of such an error are evident at low speed and need to be properly compensated. Low speed is intended as the speed range where the back-emf term is comparable or smaller that the resistive drop of the motor. In this condition, a good inverter error compensation becomes mandatory to obtain proper field orientation. Most of the compensation schemes in the literature rely on the simple and effective inverter model based on the signum of the motor phase currents [7] . Some examples of such techniques are reported in [8] - [11] .
Independently of the adopted scheme, the positive effect of the compensation depends on the correct tuning of the inverter model for any given power hardware. The signum-based model is very simple since it is described by two parameters only: a voltage threshold and a differential resistance. Datasheet based and self-commissioning based strategies are proposed by the referenced authors for tuning those two parameters, and they normally require extra-processing and off-line computation to set the model parameters.
The paper introduces a more accurate model for compensating the error introduced by the inverter. The model consists of a modified signum function that is stored into a look-up-table (LUT). The LUT contains the actual values of the inverter nonlinear error around zero current, and performs a gradual and exact compensation that improves the flux estimation accuracy with respect to the signum function case. The LUT based compensation is similar to the one recently proposed in [12] , look-up table but the implementation proposed here is more straightforward, and the identification procedure is very quick and does not need any further off-line processing. The LUT identification is performed at the drive start-up by the digital controller. The information is provided by the flux observer error signal v in DC steady-state conditions, as first proposed in [13] . At zero frequency, in fact, the back-emf is zero and the feedback signal equals the back-emf estimation error. At the first drive start-up, a proper sequence of current steps is set to identify the inverter error and then stored in the LUT. Each current step lasts 0.3s, and the procedure takes about 15s in total for the motor under test. It must be underlined that the proposed method allows estimating the sum between the stator resistance and the dynamic resistance of the power switches.
The paper is organized as follows: in section II the backemf estimation issues and the inverter model are reviewed. In section III the identification principle based on the flux observer is also reviewed, the LUT compensation is introduced and the self-commissioning procedure is described and tested. In section IV a comprehensive experimental validation of the proposed solution is given.
II. BACK-EMF ESTIMATION AT LOW SPEED
The stator model based estimation of the IM flux relies on the back-emf time integral in stator coordinates (1) . Regardless of which flux used for field-orientation -stator flux as in (1) or rotor flux (2) -the accuracy of back-emf estimation directly influences the field orientation and then the performance of the control.λ
whereλ s is the observed stator flux vector, v * s is the reference voltage vector,R s is the estimated stator resistance, i s is the measured currents vector andẽ s is the back-emf estimate.
whereλ r is the observed rotor flux vector, k r = L m /L r is the coupling factor of the rotor windings, L m , L s , L r are respectively the mutual inductance between stator and rotor windings, the stator inductance and the rotor inductance and
is the total leakage factor.
A. Back-emf estimation error
Dealing with back-emf estimation, the inverter error and the stator resistance estimation error must be considered (3). The back-emf estimation error follows accordingly (4).
The inverter error Δv s (5) is a non-linear function of the motor phase currents, as described in [7] . It is given by the combined effects of turn-on dead-time and on-state voltage drops of the power switches (IGBTs and diodes) and includes a differential resistance term R on .
The back-emf error can finally expressed as in (6),
where the linear and non linear terms have been separated. ΔR = ΔR s +R on stands for the estimation error of the whole series resistance (motor and inverter).
In current-controlled AC drives, the fast current controllers will output distorted reference voltage signals in order to obtain sinusoidal currents. When the distorted reference voltages are used for estimating the flux an important error in fieldorientation occurs at low speed. An example of the position estimation error due to uncompensated inverter drop is given in Fig.2 for the drive under test at 100rpm. Moreover, the detuning of the stator resistance due to temperature variation (3) also contributes to the flux orientation error. 
III. IDENTIFICATION AND COMPENSATION OF THE BACK-EMF ERROR
The general form of a back-emf based flux observer for SFOC control is reported in Fig.1 and the feedback signal v is put in evidence. The observer scheme adopted here is the one presented in [14] , but the method is valid in general for most of flux observers/estimators. The inverter error compensation is also depicted in in Fig.1 , with the two compensation terms Δv s,0 andR · i s put in evidence.
The strategy for identifying the inverter error is based on the informations given by v in continuous current (dc) conditions. At zero frequency the back-emf is null. According to (4), the estimated back-emf equals the overall estimation error in this case. Since the input of the back-emf integrator is null in DC steady-state conditions, the exact estimation of the back-emf error isẽ
The identification principle is valid independently of the actual motor current value and it can be adopted for literally 'plotting' the back-emf error as a function of the motor current. An example is given in Fig.3 -a, where a series of incremental current steps is applied to the motor under test. The current is injected along the α-axis. Each step lasts 0.2s that corresponds to the settling time of the observer. The feedback signal v ,α is negative since the injected current is positive. The final value of v ,α in each time interval represents the back-emf error at that current level and it is stored in a table. The curves reported in Fig.3 -b (top) have been obtained with this method and represent the back-emf error as a function of the motor phase current. The discretization step along the current axis is 50mA in this case. Two extreme situations are reported in Fig.3 -b: at first (dotted curve) the test has been carried with the resistance compensation set to zero (R = 0) so that the back-emf error includes the whole resistive term. In the second case (dashed line) the resistance was overcompensated during the identification (R > R) so that the slope of the obtained curve is negative. Once the resistive part is eliminated from the two curves in Fig.3-b , the non-linear inverter error is identified and can be used for compensation in the form of the smoothed signum function represented in Fig.3-b , bottom plot. 
A. LUT compensation method
The back-emf error compensation strategy described in Fig.1 is derived from the expression of the back-emf error obtained in (6) . As evidenced in Fig.1 , the linear and non linear terms are compensated separately. Once the back-emf error is identified, the non-liner part of the inverter error Δv s,0 must be separated from the residual resistive term ΔR·i s . The non linear component consist of a smoothed signum function whose waveform is reported in Fig.3-b (bottom plot) for the drive under test. The current range where the curve is nonlinear is evidenced in the figure. In practical implementation, the non linear interval of that curve is store in a look-up-table (LUT) that is applied to the three-phase voltage components according to the signum of the repective phase currents. Since the flux observer is implemented in the bi-phase stationary frame α, β the phase look-up-table must be rescaled by a factor 3/4 as in (8) , according to the bi-phase to three-phase relationship described in detail in [13] . The α component of the inverter error in (8) 
B. Self-Commissioning Algorithm
The self-commissioning algorithm is based on the principles stated in the previous section. As said, the current is supplied along the α axis that is aligned to motor phase a. The procedure takes about 15s in the example drive and consists of three different stages, well evidenced in Fig.4 . With reference to the figure: 1) t = 0 ÷ 0.75s. With both compensation terms off (LU T = 0,R = 0), two current steps are given (2.5A and 5A, duration 0.4s each) and the total resistance is estimated by subtracting and scaling the two final values of the error signal v ,α ; 2) t = 0.75 ÷ 5.8s. With the resistance compensation enabled according to the resitance estimated at stage 1, a descending staircase (5A to zero, delta step −0.25A) is applied for individuating the current range where the error is non-linear. The current level 1A is found as the one where the feedback signal is 5% less that the v ,α asimptotic value, stored with 5A current; 3) t = 5.8 ÷ 15.5s. A 32-steps staircase is applied from zero to 2A, that is twice the level found at stage 2 and a 32-elements LUT is built. The LUT obtained by means of the self-commissioning procedure is reported in Fig.5 for the drive under test. The 32 points cover the phase current range 0 ÷ 2A. Linear interpolation is adopted in that range. For negative current values the compensation sign is switched. For currents higher than 2A the final (maximum) value of the LUT is used. Stage 1 can be repeated in idle situations if the motor temperature varies significantly. Stages 2 and 3 can be performed just once, at the first drive start-up, and do not need to be repeated.
IV. EXPERIMENTAL RESULTS
The experimental tests have been performed using a 2-pole IM drive whose parameters are reported in the Appendix. The experimental setup is represented in Fig.6 : the motor under test is jointed with a torque-controlled synchronous motor used as a mechanical load. The motor is fed by the DMC1500 inverter board. Two different digital digital control platforms were used during the tests: (1) eZdsp F2808 employing the TMS320F2808 fixed-point DSP (subsection IV-A) and (2) dSpace DS1103 board. (subsections IV-B to IV-D)).
The floating-point dSPACE board is more convenient for developing the algorithm and, most of all, for capturing all the variables at once for the sake of fast and clear documentation of the experiments. On the other hand, the fixed-point implementation demonstrates the simplicity of the method and its feasibility in low-cost and industrial drives. In most of the presented tests, the same operating conditions will be compared for three different situations with respect to inverter error compensation: no inverter error compensation (Δv s,0 = 0), signum-based compensation (Δv s,0 = k · sign(i s )) and the proposed LUT compensation.
A. Open-loop current control, 25rpm
The induction motor is current-controlled at no-load, i.e. a rotating stator current vector is applied to the machine. The magnitude of the current vector is the motor rated magnetizing current, while its angular speed corresponds to 25rpm (0.41Hz). Open-loop speed control ensures that the operating conditions are determined, independently of backemf compensation or not. At such low speed, the motor backemf is very small with respect to the stator resistance drop. In Fig.7 the estimated motor voltages and phase-a current demonstrate that the motor power-factor is nearly unitary. The positive effect of both the types of compensation (b) and (c) is demonstrated by the x-y plots in Fig.7 since the trajectory of the estimated voltage is practically circular in both cases. The electrical speed is also well estimated in both cases, even if in Fig.7-b there is a residual distortion that does not appear in Fig.7-c . Still, the radius of the reference voltage circles is different in the two cases, while the open-loop control ensures that the motor is running in the same conditions in the two cases. A more detailed analysis of the compensation effects is obtained by evaluating the estimated back-emf instead of the voltages, as in Fig.8 . In this case, the difference between case (b) and case (c) is more evident: with the LUT compensation the back-emf signals are in quadrature with the phase current, as expected at no-load, while with signum they are not.
B. Sensorless control, 100rpm, no load
The motor is controlled using rotor SFOC with speed control at 100 rpm and no-load. The estimated back-emf waveforms obtained with SFOC are represented in Fig.9 and are similar to the ones registered in open-loop. Still, the backemf obtained by the LUT compensation look smoother but no phase orientation error is evidenced with signum compensation. However, at 100rpm the difference between signum and LUT compensation is less evident than at 25rpm, at least at no-load.
C. Sensorless control, 100rpm, with step load transients
The motor is speed controlled using rotor SFOC and step load transients are performed, using the torque-controlled synchronous motor (Fig.6) . The loading motor uses a skewed rotor and has low torque ripple. To evaluate the field orientation accuracy, a sensored VIw observer [15] operates in parallel with the sensorless observer. The rotor flux position estimated by the sensored VIω is compared with the one given by the sensorless observer that is used for field orientation. The results obtained for step load transients are given in Fig.10 . When signum compensation is used, a slight orientation error occurs and the estimated speed is noisy and also the q-axis reference current. On the contrary, the LUT compensation exhibit better results: the estimated speed is much smoother as consequently is the q-axis reference current.
The performance of SFOC using LUT compensation scheme was also evaluated by loading the IM with a synchronous machine with concentrated coils and unskewed rotor. As a result, the load torque has high torque ripple content, as shown in Fig.11 . In spite of the load torque ripple, the IM is well controlled.
D. Sensorless control, and transition between LUT and signum compensation
The motor is speed controlled using SFOC and the inverter compensation is sudden changed from LUT to signum approach. The results are shown in Fig.12 for two different motor speed values. The first transition is performed at 100 rpm and the results are shown in Fig.12 -a. It can be noted how the phase currents become distorted when the signum compensation is engaged; that is due to the speed loop that receives as feedback a distorted estimated speed. The difference between the LUT and the signum compensation schemes is more evident when the motor is running at 50 rpm at no-load when the signum . compensation is engaged, as shown in Fig.12-b . In fact, the SFOC using the signum compensation looses control and the motor stops completely.
V. CONCLUSIONS
The paper presents a new technique for the compensation of the inverter non-linear effects in SFOC IM drives. The . compensation technique is more accurate than the signummodel based ones and at the same time it is very simple to implement. The inverter model is identified directly by the digital controller at the drive start-up with no extra hardware and no extra measures. No additional processing or tuning are required after the commissioning session. The inverter identification is performed by means of the feedback signal of the flux observer, that must include closed loop backemf integration. The method allows obtaining also the stator resistance, including also the on-state drops. A comprehensive set of experimental results has been presented for a rotor flux oriented sensorless IM drive for home appliance in order to . demonstrate the feasibility of the proposed solution.
APPENDIX: RATINGS OF THE EXPERIMENTAL SETUP
The motor under test is rated: 700W, 195V, 3A, 2poles, 50Hz, 1410rpm.
The inverter rating is: 220V , 50Hz single-phase input, passive rectifier. IGBT SOA: 600V , 10A. Dead-time setting is 1μs. The switching frequency is 10kHz.
